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Two crystal structures of N-acetyltransferases reveal a new fold
for CoA-dependent enzymes
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Coenzyme A (CoA) is well known for its importance in
various metabolic pathways. The recent determination of
the structures of several CoA-dependent N-acylating
enzymes highlights the importance of the acyl-CoA
molecule for intracellular regulation and reveals a novel
fold. The N-acetyltransferase fold defines yet another
protein superfamily and adds to the already diverse world
of CoA-dependent enzymes. 
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Introduction
The cofactor coenzyme A (CoA; Figure 1) is the predomi-
nant acyl-group carrier cofactor in living systems [1]. Acyl
groups are linked to CoA by a thioester bond between the
SH group of CoA and the carboxyl group of the acyl
moiety. The high energy of the thioester bond makes
thioesters less stable and more reactive than oxygen
esters. This reactivity facilitates both nucleophilic reac-
tions at the carbonyl center and electrophilic reactions at
the adjacent α-position [2]. There is a wide range of possi-
ble reactions involving nucleophilic attack at the carbonyl
center resulting, for example, in the formation of an acid
(reaction with a water molecule, catalysed by an esterase),
a peptide bond (reaction with a free amine, catalysed by
an amine acyltransferase) or an acetoacyl molecule (reac-
tion with an acetyl-CoA molecule, catalysed by a thiolase).
In these three examples the C–S bond is replaced by a
C–O, C–N or C–C bond, respectively. The higher reactiv-
ity at the α-carbon is exploited by several enzymes,
including enoyl-CoA hydratase and citrate synthase. The
reactions catalysed by these two enzymes are facilitated
by the relatively high acidity of the α proton.
Acyl-CoA molecules are used in several degradative
pathways. For example, the degradation of fatty acids in
the β-oxidation pathway involves a sequence of four reac-
tions in which the substrates are fatty acyl-CoA mol-
ecules. The most prominent acyl-CoA molecule is acetyl-
CoA. Acetyl-CoA provides the starting point for various
synthetic pathways, such as the synthesis of polyketides
[3], and is also the end product of several degradative
pathways. For example, the degradation of fatty acids
(through the β-oxidation pathway) and carbohydrates
(through glycolysis) results in the formation of acetyl-
CoA, which is subsequently metabolised further via the
Krebs cycle. In addition to its function as a metabolic
intermediate, it has been established that acetyl-CoA is
also involved in important regulatory modifications in
eukaryotic transcription processes [4]. 
What structural information is available for enzymes that
catalyse acyl-CoA-dependent reactions? The first struc-
ture of a CoA-binding enzyme, citrate synthase, was solved
in 1987. Since then, the structures of 19 more CoA-
binding proteins have become available (Table 1). Most
of these proteins are enzymes are involved in cellular
metabolism, but the recently determined structures of
yeast N-myristoyl transferase (NMT) [5] and yeast histone
acetyltransferase 1 (Hat1) [6] point to important regula-
tory roles that can be attributed to acyl groups. The reac-
tion catalysed by NMT modifies the N-terminal glycine
residue of several proteins; this modification is essential
for the growth of yeast. Hat1 catalyses the acetylation of
specific lysine sidechains of histones. This modification
is essential for the proper assembly of histones and DNA
into nucleosomes, and the enzyme is therefore important
in the regulation of transcription processes. Both these
enzymes are CoA-dependent and both transfer an acyl
group to a free amine group. Hat1 belongs to a large family
of enzymes, referred to as the GCN5-related N-acetyl-
transferases (the GNAT family).
The GNAT family of enzymes
This group of acetyl-CoA-dependent N-acetyltransferases
consists of more than 150 proteins with conserved sequence
motifs [7]. Enzymes from the GNAT family have diverse
functions, which include histone acetylation, transcription
factor activation, amino acid metabolism, drug resistance
and detoxification. Until recently, no structural data was
available for this class of enzymes. In the August 1998
issue of Cell, however, the structures of two enzymes
belonging to different subclasses of this family were
described. These articles reported the crystal structures of
the GCN5-related aminoglycoside 3-N-acetyltransferase
(AAT) [8] and Hat1 from yeast [6].
Histone acetyltransferase 1 (Hat1)
The crystal structure of yeast (Saccharomyces cerevisiae)
Hat1 (residues 1–320; the C-terminal 54 residues were
deleted) in complex with acetyl-CoA has been solved at
2.3 Å resolution [6]. The core of the structure comprises
residues 140–270. Residues from the N terminus to
residue 140 form an α-helical domain; the remaining
residues at the C terminus complete the core domain.
The secondary structure of the core domain is shown in
Figure 2, together with the mode of binding of acetyl-
CoA. The core domain consists of a β sheet covered on
both sides by α helices. The sheet is made up of a
mixture of parallel and antiparallel β strands. Most impor-
tant for the interactions with acetyl-CoA is the βαβ unit
at the end of the sheet. The pyrophosphate moiety of
CoA interacts with the loop leading into the α helix of
the βαβ unit (the loop after β strand S4 in Figure 2a).
This mode of binding is reminiscent of the classical
mode of binding of dinucleotides to the Rossmann fold
[9], as shown in Figure 2b. It should be noted, however,
that the directionality of the nucleotide is reversed: the
relative position of the adenine moiety which is ‘above’
the sheet in Hat1 is ‘below’ the sheet in the classical
mode of binding. So far, only one CoA-dependent enzyme
has been shown to have a CoA-binding domain with a
Rossmann fold, namely succinyl-CoA synthetase [10]. The
mode of CoA binding of this enzyme is shown in Figure
2c. An important feature of the Rossmann fold is the
tight turn between the first β strand and the α helix of
the βαβ unit, which is characteristic of NAD- and FAD-
binding Rossmann folds. This loop has a characteristic
sequence motif, Gly-x-Gly-x-x-Gly [11]. In Hat1 and
other  GNAT family members, this loop is rather long.
Interestingly, this loop also has a very conserved sequence
signature in the GNAT family of enzymes, referred to as
motif A (Arg/Gln-x-x-Gly-x-Gly/Ala) [7]. The loop with
sequence motif A binds the pyrophosphate group, the
central moiety of the acetyl-CoA molecule. In the Hat1
structure this part of the acetyl-CoA molecule is well
defined in the electron-density map. The adenosine
moiety of acetyl-CoA is less well defined in the structure,
but the acetyl-pantetheine moiety, extending downwards
with respect to the pyrophosphate moiety in Figure 2a, is
well defined. The methyl group of the activated acetyl
group is buried at the bottom of a hydrophobic pocket.
This hydrophobic pocket is formed by residues near the
C-terminal ends of the two parallel β strands of the βαβ
unit (e.g. Ile217 and Val254).
In addition to motif A, three other sequence motifs have
been described to be characteristic for the GNAT family
of enzymes: motifs B, C and D. Motifs C and D seem to
be more related to the fold, in that residues of these
motifs contribute to the hydrophobic core. Motif B is
close to the active-site pocket and includes residues fol-
lowing the second parallel β strand (β strand S5; in
Figure 2a).
































The covalent structure of coenzyme A. The various building blocks
that make up CoA are shown. The ADP moiety also occurs in other
nucleotide cofactors, such as FAD and NAD, which are used by
many enzymes involved in oxidation/reduction reactions. The
pantetheine moiety by itself is also used by other enzymes, for
example those involved in fatty acid synthesis [1] and nonribosomal
protein synthesis [15].
Hat1 is a monomeric enzyme; however, its in vivo activity
is regulated by complex formation with another protein
called Hat2. Thus, the extra residues before and after the
acetyl-CoA binding core domain may be important for
interacting with Hat2.
GCN5-related aminoglycoside 3-N-acetyltransferase (AAT)
The structure of bacterial AAT (residues 1–168, exclud-
ing residues 169–177) in complex with CoA, has been
solved at 2.3 Å resolution [8]. AAT catalyses the N-acetyl-
ation of aminoglycoside antibiotics. This modification
causes the bacterium to become resistant to these antibi-
otics, which explains the considerable clinical interest in
this class of enzymes. In vivo, AAT is most likely to be a
dimer of two identical subunits of 177 residues each. In
the crystal structure the asymmetric unit contains one
dimer, with tight interactions between the two subunits.
Each subunit is equivalent to the core of the CoA-binding
domain of Hat1 and has the same topology as the Hat1
core domain. The sequence identity between these two
domains is very low: a sequence alignment of the two
domains results in a sequence identity of 9%. The mode
of CoA binding observed in the AAT complex is the same
as that seen in the Hat1 complex (Figure 2a). The CoA
molecule is not bent at the pyrophosphate moiety, as
seen in some other complexes [12]. Instead, the panteth-
eine moiety adopts a bent conformation, such that the
methyl groups of the pantothenic acid point to the β-mer-
captoethylamine moiety.
N-myristoyl transferase (NMT)
The structure of unliganded yeast (Candida albicans),
N-myristoyl-CoA transferase (NMT) has also been solved
recently, at 2.8 Å resolution [5]. This monomeric enzyme
of 451 residues catalyses the transfer of the fatty acid
myristate (C14:0) from myristoyl-CoA to the N-terminal
glycine residue of a number of proteins. In yeast this is an
essential enzyme and is therefore an attractive target for
potential antifungal pharmaceuticals.
As only the structure of the unliganded enzyme has been
described, the location of the active site can only be
deduced from the surface features of the structure and
from sequence conservation and mutational studies. The
crystal structure shows the molecule to be made up of two
halves with the same topology; this topology is essentially
the same as that of the core domain of the GNAT family
of enzymes discussed above (Figure 2a). It remains to be
seen if this topological similarity extends to a functional
similarity, but it is interesting to note that the NMT
family of enzymes also contain a conserved sequence
motif in the loop between β strand S4 and α helix H4 (see
Figure 2a). This loop is positioned near the presumed
active site of NMT.
Aspects of the reaction mechanism
It seems that each of the three enzymes discussed above
binds to acyl-CoA first, and subsequently binds to the
substrate. In each enzyme the acyl group is transferred
directly to the free amine and not via a protein SH group
as is the case in thiolase, for example [13].
In Hat1 and AAT, the active site is located near the C-ter-
minal end of the parallel β strands 4 and 5 (Figure 2a).
Some residues of these β strands contribute to the active-
site pocket. This is possible because the two strands do
not form a tight βαβ fold, as seen in the Rossmann fold,
but instead run apart from each other leading to the forma-
tion of an active-site pocket (Figure 3). At present, it is not
possible to draw detailed conclusions about the reaction
mechanism as none of the current structures provide infor-
mation about the ternary complex. Each of these enzymes
must have a mechanism to deprotonate the free amine. It
is speculated that the acidic residues of motif B in AAT
are important for neutralising the protonated free amine
group [8]. Similarly, it has been suggested that conserved
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Table 1
Published structures of CoA-binding enzymes.
Enzyme PDB entry code Reference
Citrate synthase 2cts [17]
Dihydrolipoyl transacetylase 1eab [18]
Acyl-CoA dehydrogenase 3mde [19]
Succinyl-CoA synthetase 1scu [10]
Methymalonyl-CoA mutase 1req [20]
Enoyl-CoA hydratase 1dub [21]
Acyl-CoA-binding protein 1aca [22]
3-Hydroxyacyl-CoA dehydrogenase – [23]
Choramphenicol acetyltransferase 1cla [24]
3-Ketoacyl-CoA thiolase 1afw [13]
3-HMG-CoA dehydrogenase – [25]
Malonyl-CoA ACP transacylase 1mla [26]
4-Chlorobenzoyl-CoA dehalogenase 1nzy [27]
Isovaleryl-CoA dehydrogenase 1ivh [28]
Lipid-transfer protein 1jtb [29]
Dienoyl-CoA isomerase 1dci [30]
N-myristoyl-CoA transferase 1nmt [5]
Xenobiotic acetyltransferase 2xat [31]
Aminoglycoside 3-N-acetyltransferase – [8]
Histone acetyltransferase Hat1 1bob [6]
This table includes structures described in the literature before
October 1998. Only one Protein Data Bank (PDB) entry code is given
for each enzyme, even when more are available.
acidic residues near the active site (e.g. Glu173 in β strand
S4) might have this function in NMT [5].
In the acetyltransferase reaction, the activated acyl group
is transferred to a free amine; the product is therefore a
peptide bond. It is interesting to note that a similar reac-
tion is used in nonribosomal protein synthesis. Peptide
bond formation in nonribosomal protein synthesis is
carried out by large multienzyme systems [14] that catal-
yse the formation of a variety of bioactive peptides. These
multienzyme systems consist of many domains, one of
which catalyses peptide bond formation. For this reaction,
the activated substrate is the pantetheine aminoacyl group
[15]. The crystal structure of the domain that catalyses this
reaction has not yet been solved.
Concluding remarks
The folds of CoA-dependent enzymes cover a very
diverse set of topologies. The topology seen in the CoA-
dependent N-acylating enzymes is unique to this family
and thus further increases the diversity of structures
among the CoA-dependent enzymes. In addition, sequence
or structural motifs that are conserved across all CoA-
binding enzymes do not seem to exist. This diversity of
fold correlates with the great diversity of functions of
these proteins. The wide range of reactions catalysed
by the CoA-dependent enzymes is largely due to the
increased reactivity of the carbonyl carbon atom and the
α-carbon atom of an acyl group when this group is linked
to CoA. This increased reactivity is due to the thioester
bond and is not dependent on the complex structure of
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Figure 2
The topology of the CoA-binding region of
members of the GNAT family compared to the
classical Rossmann fold nucleotide-binding
domain. (a) The secondary structure elements
of AAT (residues 26–161); β strands are
represented as triangles and α helices as
circles. The nomenclature is as used originally
[8]. In the CoA-binding domain of Hat1
(residues 140–270) the last strand of the 
β  sheet is replaced by an α helix. (b) The
mode of binding of NAD to the classical
Rossmann fold, as seen in lactate
dehydrogenase [9]. (c) The mode of binding of





























CoA. In fact, some enzymes use cysteine–acyl or lipo-
amide–acyl thioester bonds to perform the same function.
Nevertheless, CoA is the predominant acyl group carrier,
despite its complex structure. The involvement of CoA in
so many enzymatic reactions suggests an early evolution-
ary origin for this cofactor. Support for this hypothesis lies
in the observation that the pantetheine moiety of CoA can
be synthesised under prebiotic conditions [16]. The possi-
ble early evolutionary origin of CoA may also help to
explain the large diversity in the folds of enzymes that
catalyse CoA-dependent reactions.
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rainbow colour ramp from the N terminus (N; blue) to the C terminus
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made using the programs MOLSCRIPT [32] and RASTER3D [33].)
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